Myocardial infarction (MI), which results from ischemic damage to the left ventricle (LV), is a leading cause of morbidity and mortality in humans worldwide[@b1]. MI triggers an intense pathological process that includes inflammation, apoptosis, cardiomyocyte hypertrophy, and fibrosis and can lead to post-infarction remodeling, heart failure, arrhythmias and, thus, sudden cardiac death[@b2]. There have been some major accomplishments in MI therapy, including electrophysiological monitoring, the routine use of beta blockers, aspirin and other medications, and reperfusion therapy. Although these improvements have reduced the acute mortality of MI[@b3][@b4], patients surviving a large MI are likely to develop heart failure, and the incidence of heart failure following MI continues to increase. Therefore, it is of great importance to reveal the mechanisms underlying cardiac remodeling that involve complicated interactions among cardiomyocytes, inflammatory cells and fibroblasts and to explore new measures that can prevent the progression of the pathological process.

Chemokines, which include four subfamilies, C, CC, CXC, and CX3C, are a family of small, highly basic proteins with low molecular weight that ranges from 8 to 14 kDa[@b5][@b6]. Chemokines play a critical role in leukocyte trafficking in both homeostasis and inflammation by interacting with the already known chemokine receptors (CCR1-10)[@b7]. Chemokine receptors are seven transmembrane-spanning heterotrimeric G protein-coupled receptors that are mainly expressed on both immune cells and other nonimmune cells, such as tumor cells and endothelial cells[@b8]. Chemokines and chemokine receptors interact with each other to stimulate the migration of lymphocytes, monocytes, neutrophils, endothelial cells and mesenchymal stem cells as well as tumor progression, angiogenesis and metastasis[@b9].

Similar to other chemokine receptors, CC chemokine receptor 9 (CCR9) is a G-protein coupled receptor with only one known ligand, thymus-expressed chemokine/CCL25[@b10]. CCR9 is preferentially expressed on lymphocytes, dendritic cells (DCs) and monocytes/macrophages[@b11]. Originally, CCR9 was found to be involved in the migration and development of T cells in the thymus[@b12]. However, in recent years, emerging evidence has shown that CCR9 participates in several diseases[@b13][@b14][@b15][@b16][@b17][@b18]. Some studies have been conducted to interfere with the CCR9/CCL25 axis and test its effectiveness. The use of neutralizing antibodies in animal disease models has proven to be effective[@b14][@b16][@b19][@b20][@b21][@b22]. CCR9−/− mice did not develop hepatitis following conA injection[@b14], and the abrogation of CCR9 ameliorates collagen-induced arthritis in mice[@b23]. However, other studies have shown that CCR9−/− mice are more susceptible to DSS-induced colitis[@b22][@b24]. Myocardial infarction is associated with inflammatory responses that involve a variety of chemokines[@b6]. However, it is unknown whether CCR9 plays a role in the post-MI pathological processes.

In this study, we used CCR9 knockout mice to determine the role of CCR9 in the mouse heart after MI. The results indicated that cardiac remodeling after MI was blunted in the CCR9-deficient mice. Moreover, we discovered that these beneficial outcomes were somehow dependent on the NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways.

Results
=======

CCL25 and CCR9 were up-regulated in mouse infarcted hearts
----------------------------------------------------------

To investigate the role of CCR9 in heart pathology after MI, we first examined the expression levels of CCR9 and its ligand CCL25 in CCR9+/+ mouse hearts following MI and a sham operation. The immunohistochemistry results showed that the expression of both CCL25 and CCR9 was significantly up-regulated at 3 and 7 days after MI, whereas the sham hearts displayed low expression levels ([Fig. 1A](#f1){ref-type="fig"}). Immunohistochemistry also indicated that CCL25 and CCR9 were mainly expressed in the infarct area and border zone, in which a large number of inflammatory cells had infiltrated, revealing that CCR9 was highly expressed in infiltrating cells. Double immunofluorescence experiments were performed using an anti-CCR9 antibody combined with anti-CD68, anti-CD3 or anti-(α-actinin) antibodies to determine which cells expressed CCR9. The results showed that CCR9 was highly expressed in CD68-positive and CD3- positive cells but not cardiomyocytes ([Fig. 1D](#f1){ref-type="fig"}). RT-PCR and western blots indicated the same results as immunohistochemistry. Both the CCR9 RNA and protein levels were up-regulated at 3 days post-MI, and the expression levels were even higher at 1 week after MI ([Fig. 1B,C](#f1){ref-type="fig"}).

CCR9 deletion reduced MI-induced mortality and infarct size and improved cardiac dysfunction
--------------------------------------------------------------------------------------------

The increased expression levels in the mouse heart after MI suggested that CCR9 may be involved in the pathological process after MI. CCR9 knockout mice were used, MI surgery or a sham operation was conducted, and the mice were observed for 1 week to clarify the role of CCR9. All sham-operated mice survived for 1 week. The CCR9−/− MI mice displayed a trend of increased (but not significant) survival rates (61.4%) compared with the CCR9+/+ MI mice (53.7%) at 1 week after MI (p \> 0.05; [Fig. 2A](#f2){ref-type="fig"}). Consistent with the survival rates, Evans blue dye and TTC staining showed that the CCR9−/− MI mice had a smaller infarct size than the CCR9+/+ MI mice (58.0% vs 75.9%, p \< 0.05; [Fig. 2B,C](#f2){ref-type="fig"}). The echocardiographic measurements showed improved cardiac function with a decreased LVEDd and LVESd and a higher FS and EF in the CCR9−/− MI group compared with the CCR9+/+ MI group ([Fig. 2D](#f2){ref-type="fig"}).

CCR9 deletion attenuated MI-induced cardiomyocyte death
-------------------------------------------------------

Oxidative stress, ischemia, and hypoxic injury and reperfusion can cause cardiomyocyte apoptosis following MI. TUNEL assays were used to determine the extent of cardiomyocyte apoptosis in the peri-infarcted area at 1 week after MI. A decreased number of TUNEL-positive cardiomyocytes was observed in the CCR9−/− MI hearts compared with the CCR9+/+ MI hearts ([Fig. 3A](#f3){ref-type="fig"}). Further, we examined the changes in the expression of the pro-apoptotic proteins Bax and cleaved caspase 3 and the anti-apoptotic protein Bcl2. Western blots indicated that Bcl2 expression was markedly increased in the CCR9−/− MI hearts, whereas the expression of Bax and cleaved caspase 3 was decreased compared with the CCR9+/+ MI hearts ([Fig. 3B](#f3){ref-type="fig"}).

CCR9 deficiency inhibited inflammatory responses following MI
-------------------------------------------------------------

Inflammation is the most important pathological response for damage and repair. Moreover, CCR9 mainly acts on the chemotaxis of inflammatory cells. The inflammatory phase starts with the rapid infiltration of neutrophils. From day 3 to day 7, the inflammatory cells are mainly monocyte-derived macrophages and T-lymphocytes. Therefore, we took advantage of immunohistochemistry to detect monocyte-derived macrophages and T-lymphocytes in the infarcted zone at 1 week after MI. The immunohistochemistry analysis presented a decreased infiltration of these inflammatory cells in the CCR9−/− MI hearts at 1 week after MI ([Fig. 4A](#f4){ref-type="fig"},B). We also explored the expression levels of cytokines secreted by inflammatory cells. The mRNA levels of the proinflammatory cytokines IL-1β, IL-6 and TNF-α were decreased in the CCR9−/− MI LV tissue ([Fig. 4C](#f4){ref-type="fig"}). Considering that the NF-κB pathway largely mediates the inflammatory response, we next studied the expression levels of proteins involved in the NF-κB pathway. As shown in [Fig. 4D](#f4){ref-type="fig"}, the levels of phosphorylated p65 and IκBα were substantially reduced in the knockout MI mice, indicating that the NF-κB pathway was strongly suppressed by the CCR9 deletion.

CCR9 deletion attenuated LV remodeling by influencing MAPK signaling pathway
----------------------------------------------------------------------------

Structural remodeling, including hypertrophy and interstitial fibrosis, can ultimately result in heart failure. Thus, we further investigated whether the CCR9 gene had an effect on cardiac remodeling following MI and the extent of its effects. At 1 week post-MI, the CCR9−/− MI mice exhibited lower heart weight (HW)/body weight (BW), lung weight (LW)/body weight and heart weight/tibia length (TL) ratios ([Fig. 5A](#f5){ref-type="fig"}). The cross-sectional area (CSA) of cardiomyocytes in a remote area, as analyzed by H&E staining, was much smaller in the CCR9−/− MI mice than in the CCR9+/+ MI mice; the morphologies of the cardiomyocytes were more regular and the LV collagen volume was much smaller in the CCR9−/− MI mice ([Fig. 5B--D](#f5){ref-type="fig"}). In addition, the mRNA levels for markers of hypertrophy (ANP, BNP and β-MHC) and fibrosis (CTGF, collagen I, and collagen III) were all reduced in the CCR9−/− mice at 1 week post-MI ([Fig. 5E,F](#f5){ref-type="fig"}). Because the MAPK (mitogen-activated protein kinase) signaling pathway plays a vital role in cardiac hypertrophy, we further examined the levels of ERK1/2, JNK1/2 and p38 expression and phosphorylation. After MI, the levels of phosphorylated ERK1/2, JNK1/2 and p38 were all remarkably increased, but they were reduced in the CCR9−/− MI mice ([Fig. 6](#f6){ref-type="fig"}). We also tried to monitor the pathways (PI3K/AKT and Smad) associated with fibrosis, but we did not observe any difference between the CCR9+/+ MI mice and the CCR9−/− MI mice ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). These data hinted that the CCR9 deletion inhibited cardiac remodeling by affecting the MAPK pathway to some extent.

CCR9 knockdown mice had similar telemetry electrocardiogram (ECG) changes as did CCR9+/+ mice after MI
------------------------------------------------------------------------------------------------------

Because we observed improved structural remodeling in the CCR9−/− mice after MI, we further contemplated that silencing of the CCR9 gene would have an influence on the cardiac electrophysiological properties. Therefore, we first monitored the electric signals using implantable telemetry. During 24 h of continuous recording, the heart rate, RR interval, and PR interval were approximately the same among the four groups. Both the CCR9+/+ and CCR9−/− mice had a prolonged QRS interval, QT interval and QTc ( ) after MI. However, there was no difference between the CCR9+/+ MI mice and CCR9−/− MI mice ([Fig. 7A,B](#f7){ref-type="fig"}).

CCR9 deficiency reduced 90% action potential duration (APD90) and increased threshold of action potential duration alternans and susceptibility to ventricular arrhythmia (VA) following MI
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Langendorff-perfused hearts were used to characterize the changes in the electrophysiological parameters (APD90, threshold of APD alternans and VA incidence). APD90 was measured under the conditions in which the Langendorff-perfused hearts were administered a programmed electrical stimulation with a pacing cycle length of 150 ms. After MI, the APD90 was significantly prolonged, but it became much shorter in the CCR9−/− MI mice compared with the CCR9+/+ MI mice ([Fig. 8A,B](#f8){ref-type="fig"}). The threshold of APD alternans was significantly decreased after MI but was increased in the CCR9 knockout mice ([Fig. 8C,D](#f8){ref-type="fig"}). Additionally, non-sustained ventricular arrhythmias were induced in 10 of the 11 CCR9+/+ MI mice, and 7 CCR9−/− MI mice incurred non-sustained ventricular arrhythmias, but there was no significant difference (p \> 0.05, [Fig. 8E,F](#f8){ref-type="fig"}). The ratio of sustained ventricular arrhythmias was reduced in the CCR9−/− MI mice compared with the CCR9+/+ MI mice ([Fig. 8E,F](#f8){ref-type="fig"}).

Discussion
==========

In the present study, we originally showed that the abrogation of CCR9 improved cardiac structural remodeling and electrical remodeling in a murine model of MI. The main findings of this study are listed below. (1) CCR9 expression was markedly up-regulated in mouse hearts after MI. (2) CCR9 knockdown could reduce post-MI mortality, infarct size and improve cardiac function, which may result from alleviated inflammation, reduced cardiomyocyte apoptosis and mitigated fibrosis. (3) CCR9 was mainly involved in structural remodeling by interfering with the NF-κB and MAPK signaling pathways. (4) The CCR9 knockout had beneficial effects on electrical remodeling because of the shorter APD90 and the increased threshold of APD alternans. These findings suggest that the CCR9-CCL25 axis may play an important role in inflammatory cell infiltration and cardiac remodeling after MI.

Emerging evidence has shown that chemokines play a critical role in early myocardial dysfunction and disease progression following MI by regulating infarct angiogenesis, leukocyte infiltration and fibrous tissue deposition[@b25][@b26][@b27]. The infarct size can be reduced and cardiomyocyte injury can be prevented by targeting chemokine-mediated inflammation in the post-MI heart[@b28][@b29][@b30][@b31][@b32][@b33]. CCR9, a chemokine receptor that mediates the chemotaxis of inflammatory cells in combination with CCL25 (a member of CC chemokine superfamily), was identified and has recently received recognition[@b10][@b34]. CCR9 has been documented in various tissues, such as the small intestine, liver, arthritic tissues, and the brain, as mainly mediating inflammatory diseases[@b13][@b14][@b15][@b16][@b35]. In the cardiovascular system, CCR9 was first found to be associated with the pathophysiology of atherosclerosis, and inhibition of CCR9 by RNA interference in apoE-deficient mice significantly retarded the development of atherosclerosis[@b18]. Recently, Xu Z *et al*. reported that CCR9 had a causal role in pathological cardiac hypertrophy. They found that overexpression of CCR9 exacerbated pressure overload--induced cardiac hypertrophy and dysfunction[@b36]. However, it has not been investigated whether CCR9 is involved in other cardiovascular diseases. Because MI is closely related to the inflammatory response, which is the inevitable result of atherosclerosis and associated with heart failure, we tried to explore its role and molecular mechanisms in the pathological process of MI. Consistent with our hypothesis, our findings suggested that CCR9 participated in and regulated cardiac structural remodeling and electrical remodeling following MI by regulating the NF-κB and MAPK signaling pathways.

Upon myocardial ischemic injury, dying cardiomyocytes release danger signals and pathogenic assaults to activate immune pathways by inducing chemokine and cytokine synthesis and recruiting neutrophils, mononuclear cells and lymphocytes[@b37]. These danger signals, including inflammatory cytokines and stress, were thought to evoke NF-κB signaling and promote the expression of pro-inflammatory genes[@b38]. Induced chemokines, such as CXC and CC chemokines, bind to the endothelial surface and attract neutrophils and mononuclear cells to the infarcted area. These leukocytes secrete cytokines and chemokines to mediate cardiac repair at the early stage, but excessive activation of inflammation has negative inotropic effects and proteases can degrade the matrix, leading to cardiac cell death and adverse remodeling in the MI heart[@b37][@b38][@b39]. Furthermore, these pro-inflammatory cytokines, such as TNF and IL-1, could also be a stimulus to activate NF-κB[@b38][@b40], which we believe to be a vicious circle. In addition, inhibition of NF-κB or IκBα can improve survival and remodeling by decreasing cytokine expression and cardiomyocyte apoptosis[@b39][@b41]. In the present study, CCR9 deletion could diminish the activation of the NF-κB pathway and inhibit cytokine expression, which likely explained some of the anti-inflammatory and anti-apoptotic effects of CCR9 abrogation.

MI refers to a complicated pathological process that involves multiple signal pathways. The MAPK signaling pathway plays a vital role in post-infarct remodeling and heart failure[@b33]. Injury factors, including inflammatory cytokines, stress, and ischemia/reperfusion, lead to the activation of MAPKs[@b42]. The MAPK signal transduction pathway is linked to a series of cardiac pathologies, including inflammation, apoptosis, cardiac hypertrophy and heart failure[@b43][@b44]. NF-κB was reported to be a downstream component of the MAPK pathway[@b45]. Consistent with a previous study[@b46], the phosphorylation of the ERK, JNK, and p38 MAPK subunits were ultimately increased in response to injuries after MI. ERK activation was thought to promote cell growth and migration; therefore, the effects of ERK1/2 activation may be complicated because it promoted fibroblast differentiation after MI but had cytoprotective effects on cultured cardiomyocytes following ischemia/oxygenation[@b47][@b48]. Whereas, p38 and JNK activation promote myocardial apoptosis, cardiac dysfunction and fibrosis[@b43], inhibition of p38 MAPK decreased the infarct size, improved heart function and attenuated myocardial fibrosis[@b49][@b50] and inhibition of JNK suppressed LPS-induced cardiac myocyte apoptosis[@b51]. In the present study, ERK, JNK and p38 were all inhibited in response to CCR9 deletion. Therefore, we deduced that the MAPK pathway may be a vital underlying mechanism by which CCR9 regulated cardiac remodeling. However, in the report of Xu Z *et al*.[@b36], they found AKT signaling might be the underlying mechanism of prohypertrophic effects of CCR9, which was different from our findings. We thought this was mainly because the different animal models.

The surviving cardiomyocytes in the peri-infarction area experience not only structural remodeling but also dramatic electrical remodeling, which is essential to trigger ventricular arrhythmia[@b52]. Susceptibility to arrhythmia may be derived from the prolonged action potential duration and decreased ALT threshold in the infarct border zone[@b53][@b54]. The molecular mechanisms responsible for these electrophysiological changes are still unclear. However, it is important that key cytokines and chemokines, such as IL-1β, IL-6, TNF-α, and MMPs, that are elevated in the heart tissue following MI cause electrophysiological changes in the peri-infarction zone, suggesting that inflammation may be a critical mediator of electrophysiological remodeling and arrhythmia[@b52]. Indeed, various clinical and pre-clinical studies have shown that elevated inflammatory factors were related to a remarkably increased risk for ventricular arrhythmias[@b55][@b56][@b57]. Thus, we believe that the inhibition of inflammation, as well as cytokines and chemokines, will make a difference in preventing the development of arrhythmia.

In conclusion, for the first time, this study shows that the loss of the CCR9 gene protected the mice from MI-induced inflammation, apoptosis, hypertrophy, fibrosis, and arrhythmia by regulating the NF-κB and MAPK pathways. Therefore, these findings suggest that a promising strategy for preventing or treating structural remodeling and electrical remodeling following MI may be to target the CCR9-CCL25 axis. Although, we have some new findings, we have some limitations, too. We didn't conduct experiments on cell levels, Xu Z *et al*.[@b36] showed that CCR9 was expressed on the neonatal rat cardiomyocytes, but we didn't observe obvious expression on cardiomyocytes from mouse heart sections. Therefore, we plan to develop further research on cell levels.

Methods
=======

Experimental animals
--------------------

Global CCR9 knockout mice (CCR9-KO, C57BL/6J background; [Supplementary Table S3](#S1){ref-type="supplementary-material"} and [Figure S1](#S1){ref-type="supplementary-material"}) were purchased from the European Mouse Mutant Archive (EM:02293. B6;129-Ccr9tm1Dgen/H). The mice were housed and bred in our specific pathogen-free (SPF) facility. All mice used in this study were males, with body weights ranging from 24 to 27 g. All animal experiments were performed in compliance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85--23, revised 1996). Moreover, all experimental protocols were approved by the Animal Care and Use Committee of Renmin Hospital of Wuhan University.

Left coronary artery ligation
-----------------------------

Mice were anesthetized with an intraperitoneal injection of 50 mg/kg sodium pentobarbital. After full anesthesia was achieved, artificial respiration was performed to maintain a normal pH, PO~2~ and PCO~2~. In the experimental groups, the pericardium was opened with a thoracotomy at the third or fourth intercostal space, and the left anterior descending coronary was ligated using a 7--0 silk suture. The sham-operated animals underwent the same surgical procedure without ligation[@b58].

Echocardiography assessment of heart function
---------------------------------------------

Echocardiography was performed under light anesthesia with 1.5--2% isoflurane to examine the left ventricle function of the mice using the MyLab 30CV system (Biosound Esaote, Inc.). Standard 2D echocardiographic images of the left ventricular (LV) dimensions were collected in the short-axis view at the papillary muscle level. M-mode measurement data were obtained from an average of 4--5 cardiac cycles. The LV end-diastolic dimension (LVEDd), LV end-systolic diameter (LVESd), ejection fraction (EF) and LV fractional shortening (FS) were measured[@b59].

Histology, immunohistochemistry, and immunofluorescence
-------------------------------------------------------

The mice were sacrificed 3 days or 1 week after MI. The hearts were removed and rinsed with phosphate-buffered saline (PBS). The hearts were arrested in diastole with 10% KCl, then fixed in 10% buffered formalin for 24 h, and embedded in paraffin. Three-micrometer-thick sections were cut and stained with hematoxylin and eosin (H&E) for the morphometric analysis or with picrosirius red (PSR) to examine interstitial collagen deposition. For immunohistochemistry, the sections were stained with a rat anti-mouse CCL25 monoclonal antibody (sc80344; Santa, Texas, USA) or a goat anti-mouse CCR9 antibody (ab1662; Abcam, Cambridge, UK) to examine the expression of CCL25 and CCR9. For the cluster of differentiation proteins, a CD3 antibody (sc20047; Santa, Texas, USA) and CD68 antibody (sc20060; Santa, Texas, USA) were used to examine T-lymphocyte and macrophage infiltration, respectively. For immunofluorescence detection, the sections were incubated with the goat anti-mouse CCR9 primary antibody combined with the CD68, CD3, or α-actinin antibodies and secondary antibodies (FITC-conjugated anti-goat and TRITC-conjugated anti-mouse).

Evans blue and TTC staining
---------------------------

Evans blue and TTC staining was conducted 24 h after acute myocardial infarction to determine the infarct size. The mice were anesthetized and a median sternotomy was performed. Approximately 2 ml of 2.5% Evans blue dye (Sigma-Aldrich, USA) were injected into the jugular vein to delineate the myocardial perfusion region. The heart was then excised, rinsed in saline, arrested in 10% KCl and frozen at −20 °C for 15 min. The frozen ventricle was cut transversely into four slices and stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC, T8877, Sigma-Aldrich, St Louis, MO, USA) for 15 min at 37 °C. The infarct area was expected to be free of staining, and the normal tissue to be stained in blue. The sections were imaged and the total LV area and the infarct area were quantified using the Image-Pro Plus software (Version 6.0).

Tunel staining
--------------

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) assays were used to examine cardiomyocyte apoptosis, according to the manufacturer's protocol. The TUNEL-positive cardiomyocytes in peri-infarct area were observed using a fluorescent microscope. Six fields in each heart slide were randomly selected, and the TUNEL-positive cardiomyocytes were counted under high-power magnification (x400).

Quantitative real-time PCR (qRT-PCR) and western blot analysis
--------------------------------------------------------------

Total LV RNA was purified from the LV samples using TRIzol reagent (15596-018, Invitrogen). Ribonucleic acids (RNAs) were transcribed into complementary DNAs (cDNAs) with the PrimeScript RT reagent Kit (\#K1622, Fermentas). Then, qRT-PCR was conducted in a 20 μl reaction system containing cDNA, forward primer, reverse primer and SYBR Green/Fluorescein qPCR Master Mix (\#K0242, Fermentas). The relative gene expression was normalized to the internal reference gene β-actin. The sequences of the primers used for RT-PCR in this experiment are as described in [Supplementary Table S1](#S1){ref-type="supplementary-material"}.

Total proteins were extracted from the frozen LV tissues. Protein concentrations were determined and normalized using the Bicinchoninic Acid (BCA) Protein Assay Kit (AS1086, ASPEN). Proteins (40 μg) were separated by sodium dodecylsulphate (SDS)-polyacrylamide gel electrophoresis (PAGE), transferred onto a polyvinylidene difluoride (PVDF) membrane, and incubated with primary antibodies ([Supplementary Table S2](#S1){ref-type="supplementary-material"}) overnight at 4 °C. Secondary antibodies were incubated with the membranes for 30 min at room temperature. Enhanced chemiluminescence was used to visualize the signals.

Telemetry
---------

A small telemetric biopotential transmitter (EA-F20, Data Sciences International, St. Paul, MN) was intraperitoneally implanted after the mice were lightly anesthetized. The leads were introduced into the right shoulder and left apex (lead II) through an s.c. tunnel. The recordings began after the mice had recovered from the anesthesia for \>24 hours, and electrocardiogram (ECG) recordings were acquired continuously for 24 h. The signals were recorded by the data acquisition system (DSI, US) and analyzed using the P3 software[@b60].

Preparation of Langendorff-perfused hearts, monophasic action potential recordings, and ventricular arrhythmia inducibility
---------------------------------------------------------------------------------------------------------------------------

The hearts were removed and rinsed. The aorta was quickly hung on the Langendorff-perfusion system (AD Instruments, Australia) and perfused with Tyrode's solution (mM: NaCl 130; KCl 5.4; CaCl2 1.8; MgCl2 1; Na2HPO4 0.3; HEPES 10; and glucose 10; pH adjusted to 7.4 with NaOH) at a rate of 2.5 ml/min at 37 °C. The hearts were perfused for 20 min to allow them to recover their regular spontaneous rhythm before the electrophysiology tests. A pair of platinum-stimulating electrodes were positioned on the basal surface of the right ventricle to delivery regular pacing and a custom-made Ag-AgCl electrode consisting of two 0.25-mm, Teflon-coated silver wires was located at LV peri-infarct zone to record the monophasic action potential (MAP). The S1-S1 pacing protocol was conducted at a given pacing cycle length (PCL) with a series of pulse trains. The PCL ranged from 150 ms to 30 ms, with successive 10 ms decreases. The pacing at each PCL lasted for 30 seconds, followed by a 30 seconds resting period to avoid pacing memory. The 90% action potential duration (APD90) at the PCL of 150 ms was defined as the average 90% repolarization time for at least six successive MAPs. The APD alternans (ALT) was determined by 2 consecutive beats whose APD90 differed by at least 5% over 10 beats. The APD alternans threshold was defined as the maximal PCL (PCLmax) that induced an APD alternans. Burst pacing (2 ms pulses at 50 Hz, 2 s burst duration) was used to induce ventricular arrhythmia in infarct border zone of the LV. Ventricular arrhythmia (VA) was defined as continuous ventricular contractions of 2 seconds or more. Nonsustained ventricular arrhythmia was defined as contractions that lasted for 2 to 30 s and sustained ventricular arrhythmia was defined as contractions that lasted for more than 30 s[@b61].

Statistical analysis
--------------------

The numerical data were expressed as the means ± SEM. Comparisons between two groups were performed using unpaired Student's t-test with SPSS17.0. Differences among groups were assessed using one-way analysis of variance (ANOVA), followed by Tukey's post hoc test. Cross Tabulation (Chi-Square Test) with Fisher's exact test was used for the categorical variables. Statistical significance was defined as P \< 0.05.
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![CCR9 and CCL25 expression in wild-type mouse hearts following MI.\
(**A**) CCR9 and CCL25 expression in the infarct zone and border zone. Immunohistochemical staining with a rat anti-mouse CCL25 mAb or goat anti-mouse CCR9 was performed on heart sections from wild-type mice 3 days or 1 week after the sham operation or MI surgery (n = 4). (**B**) Levels of the CCR9 and CCL25 mRNAs in heart tissues from wild-type mice 3 days or 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 versus their littermate shams). (**C**) Representative western blots of the CCR9 and CCL25 protein levels in wild-type mouse heart tissues at 3 days or 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 versus their littermate shams). The original bands are presented in [Supplementary Figure S3](#S1){ref-type="supplementary-material"}. (**D**) Representative immunofluorescent colocalization for CCR9 (green), CD68 (red)/CD3 (red)/a-actinin (red), and the nuclei (blue) on heart sections from wild-type mice 1 week after the MI surgery (n = 4).](srep32660-f1){#f1}

![Deletion of CCR9 reduced mortality and the infarct size and improved cardiac function following MI.\
(**A**) Kaplan-Meier survival curves of the CCR9+/+ and CCR9−/− mice 1 week after the sham operation or MI surgery. (**B**) Representative Evans blue and TTC staining of CCR9+/+ and CCR9−/− mouse heart sections 24 h after the MI surgery. (**C**) Statistical analysis of the infarct size (%) in CCR9+/+ and CCR9−/− mice hearts 24 h after MI (n = 5, \*P \< 0.05 vs. CCR9+/+/MI). (**D**) Echocardiographic results of the CCR9+/+ and CCR9−/− mice 1 week after the sham operation or MI surgery (n = 8--10, \*P \< 0.05 vs. their littermate shams, ^\#^P \< 0.05 vs. CCR9+/+/MI).](srep32660-f2){#f2}

![Loss of the CCR9 gene prevented cardiomyocyte apoptosis and regulated the expression of apoptosis-related genes following MI.\
(**A**) Representative photograph of immunofluorescent staining for TUNEL (green), a-actinin (red), and the nuclei (blue). Statistical analysis of TUNEL and a-actinin double-positive cells in the border area of CCR9+/+ and CCR9−/− mice hearts 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 vs. CCR9+/+/MI). (**B**) Representative western blots and statistical analysis of the apoptosis-related proteins levels in CCR9+/+ and CCR9−/− mouse heart tissues 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 vs. CCR9+/+/sham, ^\#^P \< 0.05 vs. CCR9+/+/MI). The original bands are presented in [Supplementary Figure S4](#S1){ref-type="supplementary-material"}.](srep32660-f3){#f3}

![Abrogation of CCR9 attenuated inflammation in response to MI.\
(**A**) Immunohistochemical staining for the CD3-positive and CD68-positive cells in heart sections from the CCR9+/+ and CCR9−/− mice 1 week after the sham operation or MI surgery (n = 4). (**B**) Statistical analysis of the CD3-positive cells and CD68-positive cells in CCR9+/+ and CCR9−/− mouse hearts 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 vs. CCR9+/+/MI). (**C**) Levels of proinflammatory cytokine mRNAs in the CCR9+/+ and CCR9−/− mouse heart tissues 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 vs. CCR9+/+/sham, ^\#^P \< 0.05 vs. CCR9+/+/MI). (**D**) Representative western blots and statistical analysis of p65 and IκBa in CCR9+/+ and CCR9−/− mouse heart tissues 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 vs. CCR9+/+/sham, ^\#^P \< 0.05 vs. CCR9+/+/MI). The original bands are presented in [Supplementary Figure S5](#S1){ref-type="supplementary-material"}.](srep32660-f4){#f4}

![Knockout of the CCR9 gene improved cardiac structural remodeling after MI.\
(**A**) HW/BW, LW/BW, and HW/TL ratios in CCR9+/+ and CCR9−/− mice 1 week after the sham operation or MI surgery (n = 11--16, \*P \< 0.05 vs. CCR9+/+/sham, ^\#^P \< 0.05 vs. CCR9+/+/MI). (**B**) Hematoxylin and eosin (H&E) staining and PSR staining of CCR9+/+ and CCR9−/− mouse hearts 1 week after the sham operation or MI surgery (n = 4). (**C**) Statistical analysis of the cardiomyocyte cross-sectional area (CSA) from H&E-stained slices of CCR9+/+ and CCR9−/− mouse hearts 1 week after the sham operation or MI surgery (n = 100+ cardiomyocytes in four samples, \*P \< 0.05 vs. CCR9+/+/sham, ^\#^P \< 0.05 vs. CCR9+/+/MI). (**D**) Statistical analysis of the LV collagen volume (%) in PSR-stained slices of CCR9+/+ and CCR9−/− mouse hearts 1 week after the sham operation or MI surgery (n  =  25+ fields in four samples, \*P \< 0.05 vs. CCR9+/+/sham, ^\#^P \< 0.05 vs. CCR9+/+/MI). (**E**) Levels of hypertrophy-related mRNAs in CCR9+/+ and CCR9−/− mouse heart tissues 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 vs. CCR9+/+/sham, ^\#^P \< 0.05 vs. CCR9+/+/MI). F) Levels of fibrosis-related mRNAs in CCR9+/+ and CCR9−/− mouse heart tissues 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 vs. CCR9+/+/sham, ^\#^P \< 0.05 vs. CCR9+/+/MI).](srep32660-f5){#f5}

![The loss of CCR9 improved cardiac remodeling by regulating the MAPK signaling pathway.\
Representative western blots and statistical analysis of ERK1/2, JNK1/2 and p38 in CCR9+/+ and CCR9−/− mouse heart tissues 1 week after the sham operation or MI surgery (n = 4, \*P \< 0.05 vs. CCR9+/+/sham, ^\#^P \< 0.05 vs. CCR9+/+/MI). The original bands are presented in [Supplementary Figure S6](#S1){ref-type="supplementary-material"}.](srep32660-f6){#f6}

![CCR9 knockout did not change the ECG parameters after MI.\
(**A**) Representative ECG recordings in CCR9+/+ and CCR9−/− mice 1 week after the sham operation or MI surgery (n = 6--8). (**B**) Statistical analysis of the RR, PR, QRS, QT and QTc intervals in CCR9+/+ and CCR9−/− mouse telemetries 1 week after the sham operation or MI surgery (n = 6--8, \*P \< 0.05 vs. their littermate shams).](srep32660-f7){#f7}

![The CCR9 deletion improved electrophysiological properties of the heart *in vitro*.\
(**A,B**) Representative action potential figures and statistical analysis of the 90% action potential durations in CCR9+/+ and CCR9−/− mouse hearts 1 week after the sham operation or MI surgery (n = 10--11, \*P \< 0.05 vs. CCR9+/+/shams, ^\#^P \< 0.05 vs. CCR9+/+/MI). (**C,D**) Representative electric alternans figures and statistical analysis of the ALT thresholds in CCR9+/+ and CCR9−/− mouse hearts 1 week after the sham operation or MI surgery (n = 10--11, \*P \< 0.05 vs. CCR9+/+/shams, ^\#^P \< 0.05 vs. CCR9+/+/MI). (**E,F**) Representative arrhythmia induced by burst-pacing stimulations and statistical analysis of CCR9+/+ and CCR9−/− mouse hearts 1 week after the sham operation or MI surgery (n = 10--11, \*P \< 0.05 vs. their littermate shams, ^\#^P \< 0.05 vs. CCR9+/+/MI).](srep32660-f8){#f8}
